One of the most paradoxical tenets of environmentalists is that nuclear power and environmental preservation are as antagonistic as yin and yang. It is virtually impossible to reconcile them with the idea that, since the second law of thermodynamics decrees that you cannot produce energy without creating environmental change of some kind, the nuclear option is, of all available, the one that is capable of supplying huge amounts of energy with the least impact on the planet. Nevertheless, the public is always misled by the environmental cassandras that prognosticate doom for a world where nuclear reactors still operate. Inevitably, nuclear projects other than power stations, like research reactors and particle accelerators, are also met with public distrust. It is proposed herein that the introduction of the theoretical bases of radioactivity, radiation physics and nuclear power plants in the environmental education curricula will slowly but surely result in a greater awareness of the public towards the reality surrounding radiation and radioactivity. This initiative, coupled with a more realistic approach towards nuclear risks on the part of nuclear regulators and licensers, has the potential to make nuclear applications -not only in electric energy production -more palatable to the public, rendering it more prepared to reap the benefits thereof.
INTRODUCTION
One of the English language's most popular quotations says that life's only certainties are death and taxes. Nuclear people also take for certain that people will always oppose nuclear power. Several reasons have been advanced to justify that, like the inevitable association with Hiroshima and Nagasaki and the Chernobyl accident. Truth is nuclear power was once hailed as the best option for an energy-starved world. Nuclear reactors were seen as modern, reliable and, above all, capable of producing electricity "too cheap to meter".
At the time of the first oil shock, in the early 1970s, the great opportunity for nuclear power seemed to have arrived. Not only oil prices increased more than fivefold almost overnight, but also environmental concerns related to the greenhouse effect began to appear in the press. As nuclear power plants do not emit greenhouse gases, they were certain to get the green light. Predictably, the most developed countries launched ambitious nuclear programmes. At the end of the 1970s, the Iranian revolution led to the second oil shock. In the next few years oil prices would break records in succession, thus justifying the heavy investments that some countries, France in particular, had made in nuclear reactors.
It was at this juncture that the tide turned. It is true that the accidents at Three Mile Island, in 1979, and Chernobyl, in 1986, were very effective in shattering public confidence in nuclear power. But signs that this was going to happen anyway were evident even before Three Mile Island. Just to give an example, the well-known China Syndrome, starring Jane Fonda and Jack Lemmon, was made in 1978. Also, environmental groups, notably Greenpeace, had launched an extensive campaign, that goes on unabated, against nuclear power on environmental grounds.
To make matters even worse, in 1987 a radioactive medical source was stolen and opened, with its contents -a sizeable amount of caesium-137 -being spread over a wide area of Goiânia, a city of more than one million that is the capital of the state of Goiás, in the heart of Brazil. Despite the fact that this extremely grave situation was only discovered more than a fortnight after the source's violation, when the first signs of radiation sickness were clearly discernible in a number of people, only four victims died. But this incident added new voices to the anti-nuclear chorus. Brazil, which had commissioned its first nuclear power plant, Angra 1, just four years earlier and begun constructing its second, virtually stopped the nuclear programme on its tracks. Angra 1 came very near to being shut down, and Angra 2 was finally completed more than a decade later.
These two nuclear reactors were fundamental to alleviate the country's 2001-2 energy crisis, caused by Brazil's over-reliance on hydroelectric power. Rationing was however inevitable and energy prices were dramatically inflated even after rains helped fill the reservoirs, to offset power companies' revenue losses. As a result, per capita consumption of electricity shrank, with Latin America's great economic power being overtaken, in this important economic parameter, by countries like Chile, Argentina and Trinidad-Tobago.
It is widely accepted that Brazil is entirely capable of launching a successful nuclear power programme. The country has the expertise, the fuel and the need, as it has virtually no coal, is still not self-sufficient in oil and has truly over-exploited its hydroelectric potential. As a result, electric energy is scarce and, obviously, expensive. The situation is not different in several other countries. However, proposed solutions involve gas turbines, photovoltaic cells, windmills, tidal power, bio-mass and small hydroelectric plants. It does not matter if they are less efficient and more expensive than nuclear power, but they are sold as "green", and that is what matters.
That is one of the great ironies of modern times. Panel after panel have demonstrated by all possible means that the nuclear option is, of all available for the production of large amounts of energy, the one that causes the least environmental impact. It does not exhale greenhouse gases (like fossil fuels), inundate agricultural land (like hydroelectric plants) or occupy large areas (like solar cells and windmills). And even nuclear power's perceived Achilles' heel, radioactive waste, is much less of a threat than generally thought. Not only is it produced in comparatively minuscule quantities but it is not more dangerous than chemical residues that are routinely buried in simple steel drums.
It is true that not all environmentalists think like that. One of the world's greatest pioneers of the green movement, James Lovelock, has written that "only one immediately available source does not cause global warming and that is nuclear energy" [1] . The way the great scientist was pounded over the internet shows how nuclear power is a theme that is supported by someone at his (her) peril.
So what turns people against nuclear power? Why do public enquiries end up by showing that nuclear power is perceived as more dangerous than automobiles and even handguns? It can be argued that people would comfortably live with the knowledge that nuclear reactors present a certain amount of risk, that a major nuclear accident may lead to some deaths, that nuclear power plants are not exactly cheap, except for one small detail: nuclear fuel and nuclear wastes are radioactive.
Discovered more than one century ago, radioactivity remains the least understood and most dreaded of all properties of matter. In fact, the vast majority of people -even some in the nuclear field -are not exactly aware that it is simply a property. Here and there news that a reactor "is leaking radioactivity" appears in the press. Radioactivity is perceived as something extremely dangerous, insidious, treacherous. Above all, something that was not around before Hiroshima and Nagasaki. Radioactivity kills, and it certainly causes a different kind of death. Of course, the fire-bombing of Dresden, Germany, in one single night of February 1945 killed tens of thousands and burned down the city. But Hiroshima was different. A thing called radioactivity was involved.
This true paranoia involving radioactivity permeates people's minds. In an article about Britain's local elections, TIME magazine once stated that "[Prime Minister Tony] Blair's support for the Iraq war made him so radioactive that he barely campaigned" [2] , and his party came third after the final count. After the terrorist attack on the World Trade Center, the United States was haunted by the anthrax threat. However, the country is still waiting for the ultimate threat: the "dirty bomb", an artefact composed of explosives laced with some radioactive material. The idea of a "dirty bomb" is far from new. In the late 1950s it was rumoured that the Soviets were developing a "cobalt bomb", a device that would use the neutrons from a conventional atom bomb to transform natural cobalt into radioactive cobalt-60 and spread it throughout the world [3] . It is doubtful that the Russians had ever made this weapon, and even more doubtful that it should be effective, as it has never been heard of since.
One way or another, the "dirty bomb" threat is still high in the priorities of security agencies in many countries, although none has been reported so far. As a result, several articles on this serious matter have appeared in scientific, technical and political journals. In one of these articles, published in the prestigious Scientific American, Michael Levi and Henry Kelly, of the Federation of American Scientists, describe the threat and present a simulation of the consequences of such an attack in South Manhattan [4] . The authors go on to suggest how to avoid this attack, coming to the conclusion that access to radioactive materials should be curtailed. In nuclear power plants and government agencies this is already done, but radioactive materials are used in applications such as medicine, agriculture and engineering. As a result, the article prompts researchers to find non-radioactive substitutes, in order to forestall the threat of "dirty bombs".
It is amazing that, in the name of a perceived threat that so far has not come close to materialise, the almost indispensable radioisotopes be banned from their noblest use, namely as valuable tools for diagnosis and therapy. And how the consequences of a true "dirty bomb" attack would compare with this perceived threat? This is difficult to say, but it is widely acknowledged that the terrorists know for sure that the radiological impact will not be relevant (after all, the Goiânia accident -for which the city was clearly not prepared -claimed just four lives), but the panic and ensuing state of anxiety will disrupt activities for a very long time.
The above examples lead to the conclusion that it is in the interest of all people to have a picture as accurate as possible of the true impact of radioactive materials and of nuclear activities on the environment. It is commonly said that the public's negative attitude towards nuclear matters is a result of a lack of knowledge. This however, is not the case. The great problem is the wide gap between what radioactivity really is and what people think it is. Only education can bridge this gap. And since radioactive materials are and have always been part of the global environment, and most of the opposition to nuclear activities centres on environmental concerns, a programme of environmental education involving radioactivity and related topics has the potential to reverse this trend.
THE CHALLENGE
Any programme devised to introduce something new to the public is fraught with difficulties (just to mention one example, after almost three decades many people simply do not know how to programme VCRs or, for that matter, DVD recorders). The difficulties become virtually insurmountable when this something is not new, but was presented to the public in a distorted way decade after decade. The nuclear sector has traditionally blamed the media for the public's negative perception of nuclear matters. But the media, in scientific and technical matters, do little more than adapting the supplied information in order to make it (in their view) easier to understand. The way this information was fed to the media led to the following assumptions to be made.
• All nuclear activities are, one way or another, related to atomic bombs This is something that nuclear people will have to live with probably forever. There is no doubt that the making of the atomic bomb was the most formidable technical-scientific achievement of all time. Such an effort to devise an artefact just to kill people certainly would not make the people involved very popular. However, gunpowder, TNT and other explosives were created for the same purpose, but the chemical industry has never been stigmatised, or at least not in the same way. Also, the first programmable electronic computer, ENIAC, was designed at the end of the Second World War to calculate the trajectories of heavy artillery shells. So what is the difference? Where did nuclear technology go wrong?
The answers may lie with the way nuclear technology presents itself. Any chemical plant can be redesigned to produce explosives, and automobile plants are quite capable of making warplane engines (this happened in Germany during WW II). And in the socalled "intelligent weapons" microprocessors and software are almost as essential as the explosives. However, at the commissioning of a chemical plant or a computer factory no one will ever emphasise that it will have only "peaceful uses".
Nuclear initiatives are not so lucky. Every time a country decides to expand its nuclear activities, there immediately arises the fear of nuclear weapons proliferation. Sometimes the project being undertaken is not even nuclear: users of mass spectrometers are required to sign a document declaring that they will never use them to enrich uranium and will allow visits of inspectors to verify compliance, although it is well known that it would take hundreds of years to produce a sizeable amount of weapons-grade uranium. Most of the countries are signatories, since as early of the 1950s, of treaties and conventions involving safeguards of nuclear weapons' materials. These did not deter countries like China, India, Pakistan and North Korea (and probably others), which makes one wonder if the decision not to pursue nuclear weapons is based on a national decision rather than international pressure.
• Biological effects of radiation are unimaginable The first known source of ionising radiation was the X-ray machine. It was only expected that rays capable of penetrating so much into the body should have some effect on living matter. This was the rationale behind radiotherapy, proposed just a few months after X-rays had been discovered. Alas, it was soon realised that the same rays that cure can do harm, something that places ionising radiation among myriads of other processes. Actually it must be stressed that the harmful effects of ionising radiation are entirely analogous to the effects of other sources. No one exposed to radiation will ever grow feathers or a third leg, or begin to glow. Radiation can burn, cause epilation, lead to cancer, render sterile and eventually kill, effects that it shares with many agents. But radiation deaths are met with such clamour that they are certainly worse than other deaths. And they probably carry the omen of eternal damnation.
For years and years scaremongers have warned against the horrifying consequences of a nuclear war. According to them, on top of the millions of deaths due to the direct attacks, many more would die all over the world, due to radiation sickness and, ultimately, cancer, because huge amounts of radioactive materials would fall to the earth for many years after hostilities have been suspended. Moreover, the millions of tons of soil particles suspended by the explosions, added to the smoke from the fires, would block the sun for years, bringing about the so-called "nuclear winter".
Is it all true? Unlikely. Happily, the last time nuclear weapons were used in wartime was exactly the first, against Hiroshima and Nagasaki in 1945. This means that the millions of deaths that would result from direct attacks could not be verified. However, the effects of radioactive fallout could be effectively analysed.
Starting in November 1952, when the first thermonuclear (or H-) bomb was tested, more than one thousand nuclear detonations were carried out in the air, plus hundreds underground, until 1963 (with a moratorium between 1958 and 1961). One of the devices, tested in October 1961, was reportedly some 3,000 times more powerful than Hiroshima's. The radioactive fallout from all these tests was truly global, but it varied around the globe, being more intense between 35 and 50 degrees of latitude, especially in the northern hemisphere. The Canadian province of Saskatchewan (which has a surface area similar to that of the old state of Goiás) lies within that range. In 1981, it was found that the total residual caesium-137 from the radioactive fallout over the province amounted to some 44 kCi (adapted from [5] ). That is 35 times the strength of the source violated in Goiânia.
What was the result of all these detonations, of the huge amounts not only of caesium-137, but also of strontium-90, plutonium-239, iodine-129 etc. deposited over the planet? Nothing like "nuclear winter" ever happened, and forty-odd years on people live longer and better lives, especially in the most affected countries. But people are never so sure, especially when novels, movies and ill-advised specialists have insistently called the attention to the hereditary effects of radiation. The idea that their offspring could be monstrous was too much for parents to bear.
It all started with an American biologist called Joseph Muller, who in 1926 managed to increase the mutation rate in Drosophyla flies by subjecting them to X-rays. Never a popular researcher in America, due to his socialist views and his support for eugenics (the theory according to which certain races are superior to others), Muller left for the Soviet Union in 1933, whence he was forced to leave in 1940. After a period in Scotland, Muller returned to the USA in 1945.
Joseph Muller has always campaigned against the widespread use of X-rays and also against nuclear-bomb testing. Although Muller apparently never went as far as to state that radiation would cause mutations in humans, the fact the he was awarded the Nobel Prize for Medicine gave supporters of this theory a strong point. Incidentally, Muller got the Nobel Prize in 1946, one year after the Hiroshima and Nagasaki bombings. Of course it was too early for any change in the human mutation rate related to the bombings to have been detected (actually, no change was observed after six decades), but it is difficult not to see the homage, however just, as an endorsement.
• Nuclear waste is something that should never be bequeathed to future generations Ismael Serageldin, Vice President of the World Bank, once said that "we did not inherit the Earth from our parents, we borrowed it from our children". Of course the addition of significant amounts of radioactive material to an already radioactive world should be regarded as detrimental, in the long run, to future generations. But it must be remembered that, so long as the world needs electricity, nuclear power is the best way to provide it, environmentally speaking. And is radioactive waste more harmful than nonradioactive toxic waste?
There is no doubt that, like all highly concentrated radioactive material, radioactive waste is hazardous. It can cause cancer and burns, and eventually deaths. But hundreds of other substances are capable of doing that, and much more efficiently. That is the nuclear sector's main argument to defend nuclear power. The way they treat nuclear waste, however, belies this argument.
Whereas ordinary toxic waste is disposed of in standard steel drums and buried in shallow trenches, radioactive waste is diluted, embedded in a glass matrix and placed in a special steel drum full of concrete. This drum has to pass gruesome tests: a drop test (it must withstand, unharmed, a free fall of some 10 meters over a concrete pavement), a puncture test (the drum falls from 1 meter over a steel spigot) and a thermal pool fire test (the drum is placed 1 meter above a pool of burning fuel for 30 minutes).
Even though such a container should be considered so reliable that could be stored virtually anywhere, very few environmental topics are so hotly debated as the final repository of radioactive wastes. Just to give an example, Yucca Mountain, a small ridge in the State of Nevada, was confirmed in 2003 as the final repository for American civilian radioactive waste, after studies that took more than two decades and billions of dollars.
However, protests continue. One internet site called "Hot Sheets" [6], created by Ms. Madeline Felkins, states that "It is apparent that nuclear power is NOT 'safe' as its waste products must be stored far away from the public for many thousands of years. It is also apparent that nuclear power is NOT 'clean' as its wastes are lethal and carcinogenic for tens of thousands of years and must be stored far away from the public for thousands of centuries into the future. It is most obvious that nuclear power is NOT an efficient, safe, clean, and INEXPENSIVE electrical power source as so far, the Yucca Mountain Nuclear Repository has cost taxpayers $4.5 billion dollars in the last studies alone and another $50 billion in its anticipated costs until the year 2010". In other words, it appears that the more attention the nuclear sector pays to safety matters, the less the people trusts.
The nuclear establishment tends to emphasise the bad news It is a fact. A textbook on hydraulic engineering will never say anything about the risks of damming rivers, and a textbook on electrical engineering will never mention the risks of electrocution. However, textbooks on nuclear engineering will always have chapters on biological effects of radiation, cancer risks and the like. It is thus implicit that it is much less probable that the wiring of a house will electrocute anyone than that a nuclear reactor will "irradiate" someone.
But the buck does not stop there. Agencies that, in principle, should promote the use of nuclear techniques are the first to call the attention to the risks. Almost one century after Victor Hess made the first of a series of balloon ascents that culminated with the discovery of cosmic rays, research agencies still pay for the determination of radiation doses during jet flights. Doses due to X-ray exams are still carefully scrutinised, although no deaths have been attributed to malpractice in this area for many decades. Convoluted and sophisticated algorithms are still developed to programme doses in radiotherapy to the third or fourth decimal place, as if this represented the difference between success and failure, thus giving the impression that tumours and patients are as standardised as the simulations themselves. A veritable web was spun around the world to monitor the slightest tremors and the smallest changes in environmental radioactivity caused by nonauthorised nuclear explosions, as if in a world where the progress in transportation and communications has brought down virtually every barrier, something like a nuclear explosion would go unnoticed.
All this can be easily justified, but preferably within walls. The aeronautical industry, the pharmaceutical industry, many sectors are more or less concerned with safety and protection. But the nuclear sector has made safety its top priority. It looks like nuclear reactors may or may not produce electricity, accelerators may or may not synthesise radioisotopes, X-ray machines may or may not help in diagnostics; the important thing is that they are safe. Even more important, the public must be exhaustively assured of it. What happens is that the public becomes more and more convinced that, because of these safety concerns, all these contraptions are in reality extremely dangerous.
ENVIRONMENTAL EDUCATION FOR A NUCLEAR WORLD
To change the public perception of nuclear matters is at least a Herculean task. During decades people have been bombarded with almost hysterical warnings from so-called environmental organisations, the press and even scientists who do not support nuclear activities. To complicate the problem, the nuclear sector itself sometimes manages to send the wrong signs, by exacerbating safety concerns. All the same, it must be stressed that nuclear solutions are usually the best for many important requirements in the areas of electricity production, agriculture, medicine and industry. It is thus clear that only an investment in education for a nuclear world will succeed in making the nuclear option acceptable.
There are many success stories to be copied. The introduction of environmental topics in school curricula has dramatically increased general awareness for themes that in the past should be discussed solely by specialists, such as the hole in the ozone layer and the greenhouse effect. And it was the massive introduction of computers in school that must be credited with the transformation of something that it was once seen as a complex tool for large corporations and advanced research laboratories into a household appliance.
As much of the opposition to nuclear power, just to name one of the nuclear applications, is centred on environmental concerns, it is logical that the introduction of nuclear topics in a programme of environmental education is a good start to change people's perception. It follows thus the outline of a sub-programme that could be called "Environmental education for a nuclear world". It can be argued that the above programme is too focussed on physics to work properly. However, it must be stressed that although the school curriculum in physics is at least as comprehensive and the one in biology, the average man appears to have a better understanding of biological matters than of physics. A procedure as new and complex as cloning is more widely understood than the functioning of X-rays, something known since the century before last. And who has not heard about a "current of 220 volts" or someone "weighing 75 kilogrammes"? It is ironical that although the word physics derives from the Greek word for nature, the average man thinks of physics as something entirely outside the natural world and, as such, the domain of absent-minded professors. Maybe physics lecturers should take notice.
Of course the syllabus will be adapted to the student's school year. As the student progresses in his/her knowledge of physics, chemistry, mathematics and biology, the topics can be delved into deeper and deeper. And lecturers in physics chemistry and biology should be stimulated to introduce nuclear topics into the subjects they teach. When talking about isotopes, for instance, the chemistry teacher should emphasise that the first known isotopes were radioactive. The students could benefit a lot by learning about the role of ionising radiation in life [7] . And they will certainly be thrilled when they learn that all helium we have comes from alpha particles emitted by -among others -uranium, thorium and radium isotopes.
FINAL REMARKS
After more than one century, applications of ionising radiation and nuclear energy are widely misunderstood. In the meantime, radio, aeroplanes, computers and genetic manipulation were introduced and well absorbed by society. Nuclear matters, however, remained quite mysterious to this day. OK, man's imagination -in the shape of books and movie pictureshelped distort the image of the nuclear sector, but did the same to virtually all other sciences. However, the public marvelled at Flash Gordon's futuristic visions, but knew for sure that space travel, even if it became commonplace one day, would not be like that. That was not the case when audiences left the theatre after seeing China Syndrome. Although this wellknown movie shows that even a badly-built nuclear reactor could be shut down before it presented a real menace, people carried home the notion that nuclear power is dangerous.
So what can be done to change that? The proposal presented in this paper will certainly help a lot. Environmental education has done a lot to change children's attitude towards the earth. Just over one generation ago, children were given caged birds that they loved to rear. Nowadays gifts like those are entirely unfashionable, not to mention illegal. All the same, kids who killed frogs and lizards with a slingshot were praised by other kids for their marksmanship. Today's children campaign in favour of preserving even snakes and spiders.
Therefore there is no reason why showing that nuclear activities are environmental-friendly will fail to reach children's open minds.
But this is clearly not enough. The public's attitude towards nuclear matters will change very little -or not at all -if the nuclear sector's attitude remains the same. It will be very difficult to make nuclear reactors palatable when popular science books stress and even exaggerate the consequences of the accidents at Three Mile Island and Chernobyl. It will be extremely hard to reassure people that ionising radiation is at most as risky as other physical agents when more stringent regulations regarding dose limits to humans are published every 5-10 years. And it will be almost impossible to convince the common man that nuclear activities are in fact less aggressive to the environment when radioactive waste is treated as the most dangerous material ever created, thus giving credence to those that once labelled nuclear energy as the modern Pandora's box.
The main reasons why people fear nuclear energy are all related to the fear of radioactivity. That primeval property of materials is hardly better understood nowadays by the common man than at the time it was discovered, in the last years of the nineteenth century. It should not be like that. One century ago Ernest Rutherford stated that the earth's core is hot not because of the residual heat from the planet's fiery early days, but rather due the release of energy from the radioactive decay of uranium and thorium isotopes present in the rocks. The fact that the absence of these elements would have rendered the earth uninhabitable billions of years before man had time to evolve should be enough to change the way people look at radioactivity. Environmental education seems to be the last hope.
